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Calcium Dynamics of Spines Depend
on Their Dendritic Location
lease from two types of internal stores (Emptage et al.,
1999; Finch and Augustine, 1998; Korkotian and Segal,
1998; Takechi et al., 1998). Less is known about the
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New York, New York 10027 pathways that control calcium decay kinetics of spines,
although these pathways are as important for calcium
compartmentalization as influx pathways. We recently
Summary found that local calcium extrusion mechanisms exist in
spines and, together with calcium diffusion through the
Dendritic spines are morphologically and functionally spine neck, control calcium decay kinetics in spines
heterogeneous. To understand this diversity, we use from CA1 pyramidal neurons (Majewska et al., 2000a).
two-photon imaging of layer 5 neocortical pyramidal In that work, we were surprised by the considerable
cells and measure action potential-evoked [Ca2]i tran- heterogeneity found in the spine calcium decay kinetics:
sients in spines. Spine calcium kinetics are controlled while in some spines (“pumpers”) extrusion dominated,
by (i) the diameter of the parent dendrite, (ii) the length in other spines (“diffusers”), diffusion was more pro-
of the spine neck, and (iii) the strength of spine calcium nounced. In fact, spines are also heterogeneous in mor-
pumps. These factors produce different calcium dy- phologies (Harris and Stevens, 1989; Peters and Kai-
namics in spines from basal, proximal apical, and dis- serman-Abramof, 1970), receptor distribution (Nusser et
tal apical dendrites, differences that are more pro- al., 1998), and calcium influx pathways (Yuste et al.,
nounced without exogenous buffers. In proximal and 1999). Although this widespread heterogeneity is likely
distal apical dendrites, different calcium dynamics to be important, at present its purpose is still mysterious.
correlate with different susceptibility to synaptic de- In this study, we wanted to explore the mechanisms
pression, and modifying calcium kinetics in spines and function of the heterogeneity in spine calcium dy-
changes the expression of long-term depression. namics using two-photon imaging of spines from layer
Thus, the spine location apparently determines its cal- 5 pyramidal neurons in mouse primary visual cortex.
cium dynamics and synaptic plasticity. Our results Specifically, we wanted to inquire whether there is any
highlight the precision in design of neocortical relation between the position of the spine in the dendritic
neurons. tree and its intrinsic calcium dynamics. For this purpose,
we measured calcium dynamics in spines and dendrites
Introduction using, as a physiological  function, the [Ca2]i transients
produced by backpropagating action potentials (AP).
Dendritic spines are morphological specializations of We find that the dendritic diameter determines spine
mammalian neurons that receive most excitatory synap- decay kinetics and therefore that the location of the
tic inputs (Cajal, 1888, 1891; Gray, 1959; Harris and spine within the dendritic tree influences the time course
Kater, 1994). Excitatory synapses can also be made of its calcium compartmentalization. At the same time,
on dendritic shafts, so spines likely have an additional the length of the spine neck and the ratio of spine and
function besides being input targets. Although spines dendrite calcium extrusion also control calcium decay
could play multiple roles in neuronal function (Shepherd, kinetics in spines. Because more distal spines show
1996), it is becoming increasingly clear that spines are higher pump activity, their overall calcium decay kinetics
biochemical units that compartmentalize calcium (Koch are faster and, in agreement with their faster kinetics,
and Zador, 1993; Muller and Connor, 1991; Wickens, they express a lower susceptibility to synaptic depres-
1988; Yuste et al., 2000; Yuste and Denk, 1995). Indeed, sion, which itself can be altered by manipulating calcium
the presence of high concentrations of CaM-Kinase-2 extrusion. Our results show that a spine’s location on a
in spines (Miller and Kennedy, 1985) and the effect of dendrite influences its calcium dynamics and regulates
calcium chelators in blocking input-specific forms of its calcium-driven learning rules.
synaptic plasticity (Lynch et al., 1983; Malenka et al.,
1988) indicate that the specific function of spines could
Resultsbe calcium-driven signal transduction, restricted to indi-
vidual synaptic inputs, which could implement input-
Calcium Dynamics in Dendrites Are Determinedspecific learning rules.
by Dendritic DiameterThe mechanisms responsible for intracellular free cal-
We report measurements from 31 layer 5 pyramidal neu-cium concentration ([Ca2]i) transients in spines have
rons in slices from P14 to P19 mouse primary visualbeen previously studied and include calcium influx
cortex (areas V1B and V1M). Neurons were recordedthrough NMDA and AMPA receptors (Emptage et al.,
with whole-cell electrodes filled with the calcium indica-1999; Koester and Sakmann, 1998; Kovalchuk et al.,
tor Calcium Green-1 (CG) and imaged with two-photon2000; Yuste et al., 1999; Yuste and Denk, 1995), as well
microscopy (Figure 1). In our previous work, we foundas influx through voltage-sensitive calcium channels
that spine calcium dynamics are heterogeneous in both(Kovalchuk et al., 2000; Yuste and Denk, 1995) and re-
influx and extrusion pathways (Majewska et al., 2000a;
Yuste et al., 1999). In this study, we sought to identify1Correspondence: holthoff@lrz.uni-muenchen.de
potential correlations between spine calcium dynamics2 Present address: Physiologisches Institut, Ludwig Maximilians Uni-
versita¨t, Biedersteiner Straße 29, 80802, Mu¨nchen, Germany and dendritic location using intracellular free calcium
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Figure 1. Two-Photon Imaging of Spines
Two-photon image of a living pyramidal neuron in layer V of mouse
primary visual cortex. The neuron was patched in whole-cell mode
and filled with 200 M Calcium Green-1. The image was numerically
deconvolved and shows several dendritic spines (scale  5 m).
Note the heterogeneity of the neck lengths of different spines, a
feature of neocortical pyramidal cells.
[Ca2]i transients triggered by backpropagating action
potentials (Yuste and Denk, 1995) to probe the intrinsic
calcium dynamics of spines along the dendritic tree.
By eliciting an AP at the soma, we measured a practi-
cally instantaneous (2–12 ms resolution) increase in
the concentration of [Ca2]i in all parts of the dendritic
tree in the field of view (up to 310m from soma; Figures
2A and 2B). Peak [Ca2]i increases in dendrites due to
single APs were 47%  4% (F/F; mean  SEM; n 
52) and showed an inverse correlation with dendrite Figure 2. Dendritic Calcium Dynamics Depend on Dendritic Di-
diameter, i.e., [Ca2]i increases in thinner dendrites were ameter
larger than those in thicker dendrites (Figure 2C, p  (A) [Ca2]i kinetics of a thin dendrite after a single backpropagating
0.01, t test). This suggests that differences in dendritic AP. Notice the small initial increase and slow decay in [Ca2]i. Inset
shows image of the dendrite. Scale  1 m.surface-to-volume ratio influence peak amplitudes of
(B) [Ca2]i kinetics of a thick dendrite after an AP. Notice the highspike-induced [Ca2]i increases. Since these accumula-
initial increase and fast decay in [Ca2]i.tions are due to voltage-sensitive calcium channels
(C) Correlation between peak amplitude of [Ca2]i increases in den-(VSCCs) (Yuste et al., 1999; Yuste and Denk, 1995), these
drites and dendrite diameter. Line represents best fit (p  0.01, t
results are consistent with the possibility that the density test).
of VSCCs is constant over the dendritic tree. (D) Correlation between time constant of calcium decay in dendrites
and dendrite diameter. Line represents best fit (p  0.01, t test).After the AP-induced [Ca2]i increase, dendrites
showed monoexponential calcium decay kinetics, with
Spines Show Variability in Peak [Ca2]i Transientss that ranged from 130 to 1080 ms and scaled with the
We wondered whether spines showed differences indiameter of the dendrite, whereby thin dendrites had
[Ca2]i transients as a function of their location on thefaster clearing speeds than thick dendrites (Figures 2A,
cell. For this purpose, we measured spine calcium dy-2B, and 2D; p  0.01, t test). Calcium clearance from
namics in response to single APs in 52 spines fromapical dendrites is thought to be mostly mediated by
apical, basal, or oblique dendrites from 27 different neu-smooth endoplasmic reticulum calcium ATPases (SERCA)
rons (Figure 3). The onset of AP-induced [Ca2]i tran-pumps and less so by plasma membrane Na-Ca2 ex-
sients in spines were faster than our time resolution andchangers or plasma membrane Ca2-ATPases (Markram
were followed by slower decay kinetics (Figures 3A andet al., 1995). Our data suggest that clearance apparently
3B, red traces). The mean peak amplitude of [Ca2]iscales linearly with the surface, rather than the volume,
increase due to single AP was 75%  4% F/F (n of the dendrite. Although this is consistent with plasma
52). The distribution showed a large spread, with accu-membrane mechanisms, it is also possible that the
SERCA pumps scale with the dendritic diameter. mulations ranging from 28% to 144% F/F. There was
Spine Position and Calcium Dynamics
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APs (Emptage et al., 1999; Kovalchuk et al., 2000; Yuste
et al., 1999; Yuste and Denk, 1995), this lack of correla-
tion indicates that larger spines could have higher densi-
ties of calcium channels than smaller spines to normalize
their [Ca2]i reached (Sabatini and Svoboda, 2000). Nev-
ertheless, other mechanisms, like release of calcium
from internal stores (Emptage et al., 1999; Korkotian and
Segal, 1998), could contribute to these accumulations
and compensate for changes in spine size.
Spines in Thin Dendrites Have Monoexponential
Decay Kinetics
As opposed to the spine peak [Ca2]i transients, spine
decay kinetics varied in a systematic fashion in the den-
dritic tree. We observed two different types of decay
kinetics in spines that correlated with dendritic diameter.
In spines located on thin dendrites, the peak amplitude
of [Ca2]i increase was similar in both spine and parent
dendrites (Figure 3A). Following the initial increase, the
spine [Ca2]i decayed with a single exponential time
course with a mean time constant of 170  20 ms (n 
8). These thin dendrites had similar single exponential
time courses (235  38 ms, n  8; p 	 0.15, t test).
Monoexponential spines were mostly located on basal
dendrites (five of eight), although some spines on thin
secondary or tertiary branches of the apical dendritic
tree behaved similarly (three of eight).
Spines in Thick Dendrites Have Double
Exponential Decay Kinetics
In addition to this first group, we detected a second
type of spine decay kinetics in spines located on thick
dendrites, where the [Ca2]i increase in the spine over-
shot the increase in the parent dendrite and decayed
afterwards with a double exponential time course (Fig-
ure 3B). During a first phase, the spine [Ca2]i decayed
quickly with a mean time constant of 203  14 ms (n 
44) until the fluorescent level in the spine reached the
one of the parent dendrite. At this distinct time point,
Figure 3. Spines Have Two Different Types of Decay Kinetics
which we termed the “breakpoint” (see arrow in Figure
[Ca2]i kinetics in a spine (red) and adjacent dendrite (black). Thick 3B) (Majewska et al., 2000a) and defined as the timelines reflect single exponential or double exponential fits of the data.
where the slope of the calcium decay kinetics from spine(A) Spines in thin dendrites show single exponential decay kinetics.
and dendrite differ by 1%, the spine calcium decay(B) Spines in thick dendrites show double exponential decay ki-
netics. kinetics became slower with a mean time constant of
(C) Lack of correlation between peak spine [Ca2]i amplitude and 409 44 ms (n 44). Most (42/45) apical spines showed
dendrite diameter. Broken line indicates linear fit; regression analy- double exponential decay, whereas 3/45 were single
sis yielded no significant linear correlation between both param-
exponential. On the other hand, 2/7 spines on thick basaleters.
dendrites showed double-exponential kinetics while the(D) Lack of correlation between peak spine [Ca2]i and spine head
rest, on thin basals (5/7), were single exponential. Wediameter. Broken line indicates linear fit; again, no significant corre-
lation between both parameters. concluded that the dendritic diameter determines the
decay kinetics of spines.
Diffusional Equilibration between Spineno clear relation between peak [Ca2]i transients and
dendritic diameter (Figure 3C; p	 0.3, t test), suggesting and Dendrite
Why does the dendritic diameter influence spine decaythat the peak amplitude of the spine [Ca2]i transients
is regulated intrinsically by the spine and does not de- kinetics? To understand this, we analyzed the mecha-
nisms underlying spine decay kinetics. To examinepend on dendritic calcium dynamics. Interestingly, the
peak spine [Ca2]i transient showed no significant corre- whether diffusional equilibration between spine and
dendrite was present, we measured the [Ca2]i in thelation with the diameter of the spine head (Figure 3D;
p 	 0.1, t test). Therefore, as opposed to the dendritic spine and its parent dendrite at the breakpoint in spines
with double-exponential kinetics. Indeed, the [Ca2]i inshafts, the amplitude of the spine [Ca2]i increase did
not change with the surface-to-volume ratio. Since spines and dendrite at the breakpoint were linearly cor-
related (Figure 4A; p  0.01), indicating that at theVSCCs are responsible for spine [Ca2]i transients after
Neuron
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Figure 4. Diffusional Equilibration between
Spine and Dendrite
(A) Correlation between the [Ca2]i in the den-
drite and spine at the breakpoint. Line reflects
linear fit (slope  0.9, p  0.01). This indi-
cates that the breakpoint occurred when the
[Ca2]i concentrations in the spine and the
dendrite were the same.
(B) Correlation between the time constants
of the [Ca2]i decay in dendrite and spine after
the breakpoint. Line reflects linear fit (slope
0.8, p  0.01). This indicates that after the
breakpoint, the [Ca2]i concentrations in both
compartments decayed in parallel with simi-
lar time constants.
(C) Correlation between spine fast  and den-
dritic time constants. Line reflects linear fit
(p  0.01).
(D) Correlation between spine slow  and den-
dritic diameter. Line reflects linear fit (p 
0.05).
breakpoint the [Ca2]i in both compartments was the We conclude that the relative amplitudes of dendritic
and spine [Ca2]i determine spine decay kinetics. Thesame (Figure 3B). In addition, we analyzed the decay
kinetics in both compartments after the breakpoint de- two different types of spine calcium kinetics essentially
result from the difference in initial conditions created bycay by correlating the s of decay of the spines and
their parent dendrites during this time interval. Again, a the dependence of dendritic peak [Ca2]i on dendritic
diameter.linear correlation was found (Figure 4B; p  0.01),
which indicates that after the breakpoint, the [Ca2]i in
spines and their parent dendrites decayed in parallel Mechanisms of Initial Decay Kinetics:
with the same time constant. To confirm the interaction Pumpers and Diffusers
between the dendritic decay kinetics and the spine ki- We then sought to understand the mechanisms underly-
netics, we predicted that the dendritic diameter, which ing the initial (fast) spine decay kinetics. In our previous
controls dendritic decay kinetics, should similarly affect work in CA1 neurons, the presence of spine calcium
spine decay kinetics. By analyzing spines with double pumps was inferred from the existence of an under-
exponential decay kinetics, we found that the initial shoot, i.e., an inflexion in the decay kinetics where the
spine time constant was significantly correlated to the spine [Ca2]i was lower than the dendritic [Ca2]i. Also,
dendritic time constant (Figure 4C; p 0.01). In addition, CPA, a specific SERCA antagonist, blocked the initial
the spine time constant after the breakpoint was signifi- fast time constant of decay in many spines (Majewska
cantly correlated to the dendritic diameter (Figure 4D; et al., 2000a). In that same study, we detected that the
p  0.05). length of the spine neck correlated with the duration of
These results demonstrate that the spine is aware of the initial component in the decay kinetics and con-
the dendritic [Ca2]i and that communication in the form cluded that the diffusion of calcium through the spine
of diffusion must be occurring between the two struc- neck length also contributed to shape spine decay kinet-
tures. The simplest interpretation of these kinetics is ics. The heterogeneity of the effects of CPA and under-
that during the initial decay, a [Ca2]i gradient is estab- shoots found in different spines led us to the interpreta-
lished due to the higher spine [Ca2]i. This gradient sub- tion that in some spines (“pumpers”), the extrusion
sequently dissipates by local calcium extrusion or cal- mechanisms dominated, whereas in other spines (“dif-
cium diffusion through the spine neck (see below) fusers”), extrusion was relatively weak with respect to
(Majewska et al., 2000a). At the “breakpoint,” diffusional spine neck diffusion (Majewska et al., 2000a).
equilibration has been attained, and from that point on- In neocortical neurons, we indeed found that spines
could also be classified as pumpers or diffusers basedward, the larger reservoir of dendritic calcium imposes
its kinetics on the spine. For spines with monoexponen- on the relative amount of under- or overshoot of their
[Ca2]i decays with respect to dendritic [Ca2]i. Sometial decay kinetics found in thin dendrites, the peak den-
dritic [Ca2]i reached can be similar to that of the spines. spines had no appreciable difference in decay ampli-
tudes compared to dendrites (Figure 5A; red trace),Therefore equilibration among their [Ca2]i may occur
very fast, and the breakpoint could remain undetected whereas in other spines, clear undershoots were present
(Figure 5B, blue trace).with the time resolution of our measurements.
Spine Position and Calcium Dynamics
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Figure 5. Differential Distribution of Pumpers
and Diffusers
(A) Example of a spine in which diffusion be-
tween spine and dendrite dominates [Ca2]i
decay kinetics.
(B) Example of a spine in which extrusion
dominates. Note the undershoot of spine
[Ca2]i versus the dendrite [Ca2]i. Scale as
in (A).
(C) Ratio of [Ca2]i amplitude of the slow de-
cay component in spine and dendrite versus
the position of the spine on the dendritic tree.
Values above one indicate overshoot of spine
and therefore weak extrusion (diffusers); val-
ues below one indicate undershoot of [Ca2]i
in spine and therefore strong extrusion
(pumpers). Diffuser and pumper spines are
plotted as red and black squares, respec-
tively. Open squares indicate bolus-fill exper-
iments; closed squares indicate long-term
whole-cell experiments. Note that diffuser
spines tend to be located proximal to the
soma, whereas pumper spines show a more
homogeneous distribution over the dendritic
tree, dominating in distal locations.
(D) Correlation between spine fast  and posi-
tion of the spine on the dendritic tree. Open
squares represent bolus-fill experiments.
Line reflects linear fit (p  0.01).
(E) Correlation between the fast  of diffusers
and neck length. Open squares indicate bo-
lus-fill experiments. Line reflects best linear
fit (p  0.05).
Differential Distribution of Pumpers and Diffusers ent of the initial calcium decay time constants over the
dendritic tree, whereby distal spines had faster initialin the Dendritic Tree
We investigated how pumpers and diffusers were dis- calcium decays than proximal spines (Figure 5D; p 
0.01, t test). These data show that spines on differenttributed through the dendritic tree using the ratio of
[Ca2]i amplitude of the slow decay component in spine locations in the dendritic tree express different time win-
dows of calcium compartmentalization and indicate thatand dendrite to classify the spine a pumper (ratio, 1)
or diffuser (ratio, 	1). To explore distant regions of the the reason for this is that spine calcium pumps are
stronger with increasing distance from the soma.apical dendritic tree, where in our hands single back-
propagating APs often fail to propagate, we used trains
of two or three APs. In control experiments with spines
located near the cell body, we did not detect any differ- Role of Spine Neck Length in Controlling Initial
Decays in Diffusersence in the decay kinetics of single versus multiple AP-
induced accumulations (142  28 versus 149  30 ms; Our previous results demonstrated diffusional equilibra-
tion between spines and dendritic shafts. This diffusionn  5, p 	 0.3).
We found that most spines on the proximal apical would be driven by the existing [Ca2]i gradient between
the two compartments and controlled by the morpholog-dendritic tree did not have detectable undershoots and
were therefore considered diffusers (Figure 5C, red ical parameters of the spine neck, specifically its diame-
ter and length. Because the spine neck diameter is toosquares). Spines in basal dendrites also behaved simi-
larly (4/5). However, most spines in the distal apical small to assess optically and is thought to be relatively
constant from spine to spine (Harris and Stevens, 1989),dendritic tree had considerable undershoots indicating
relatively strong calcium pumps (Figure 5C, blue we focused on studying whether the spine neck length
was influencing the spine calcium dynamics. Since diffu-squares). The effect is likely to be independent of the
dendrite diameter because it does not appear in basal sion through a pipe scales linearly with its length (Berg,
1982), the time to achieve diffusional equilibrationdendrites, which are also thin. These data indicated that
the relative importance of the two major mechanisms should be correlated with the spine neck length. This
prediction has been borne out in CA1 neurons (Majew-that control calcium decay kinetics is regulated through-
out the dendritic tree in what appears to be a baso-apical ska et al., 2000a). We therefore examined whether in
the group of spines without undershoots (the diffusers)gradient, where the apical dendrite has increasingly a
higher proportion of spines with strong extrusion or rela- the first time constant scaled with spine neck length.
This comparison is not possible in spines with monoex-tively weaker diffusional pathways. In parallel to the
stronger undershoot in distal spines, we found a gradi- ponential kinetics because the single-exponential time
Neuron
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constants are dominated by the dendritic decay ki- parent dendrite, the length of the spine neck, and the
netics. strength of the extrusion mechanisms. To understand
Indeed, we found a significant correlation between how these factors interact and dissect their exact contri-
the length of the spine neck and the fast time constant butions, we created a mathematical model of spine and
of the spine [Ca2]i decay in diffusers (Figure 5E; p  dendrite calcium kinetics using a series of coupled dif-
0.05, t test). As expected, the fast time constant of the ferential equations (see Experimental Procedures). The
spine [Ca2]i decay tended to increase with increasing spine head was modeled as a sphere and the parent
neck length. This correlation was not present for pump- dendrite as a cylinder connected to the spine head via
ers (p 	 0.3, t test) or for the combined dataset that a smaller cylinder representing the spine neck (Figure
included pumpers and diffusers (p 	 0.2, t test). We 6A). The model implements calcium influx via VSCCs,
conclude that diffusion via the spine neck dominates calcium extrusion mechanisms via pumps located in
the first component of the double exponential calcium the plasma membrane or internal stores, and calcium-
decay kinetics in the diffuser spines. buffered diffusion inside the cell between spine head
and its parent dendrite. The values in the model were
Endogenous Buffers Do Not Change Characteristics constrained, where possible, by our experimental mea-
of Spine Calcium Dynamics surements (Table 1).
We worried whether holding the cells in the whole-cell To explore the contributions of the three parameters
configuration leading to washout of endogenous cal- to the spine calcium dynamics, we analyzed the depen-
cium buffers would cause the observed differences in dence of the spine fast  with each of the parameters,
spine calcium dynamics (Maeda et al., 1999) or the pos- while keeping the other two constant. In agreement with
sibility that the faster distal kinetics could be a conse- our data, increases in dendritic diameter, which cause
quence of smaller concentrations of exogenous buffer. slower dendritic calcium decays, lead to increases in
In a set of control experiments, we utilized the method of spine fast  (Figure 6B, see also Figure 4C). Also, in-
bolus loading the cells with calcium indicator to prevent creases in the strength of the calcium extrusion lead to
buffer washout (Helmchen et al., 1996; Majewska et al., faster spine s (Figure 6C). Finally, lengthening of the
2000b). Neurons were patched only for 2 min with 2 mM spine neck led to slower spine s (Figure 6D). A linear
Calcium Green-1 in the pipette solution, and the pipette dependence of the spine neck length was observed in
was then gently withdrawn. After a long delay to attain models without spines pumps (black squares). If we
diffusional equilibration of the indicator, we stimulated included a spine pump rate fixed to a set value (Figure
cells antidromically using an extracellular stimulation 6D; white squares), a saturation effect on the change in
electrode positioned close to the axon of the cells. spine s was observed.
Eleven spines at different locations in the apical den-
dritic tree of three cells were imaged. Calcium decay Extrapolation to Physiological Conditions
kinetics in spines and dendrites were statistically indis- with No Exogenous Buffer
tinguishable to those recorded with the whole-cell con- Calcium indicators act by themselves as a calcium
figuration. For dendrites, the average decay  for bolus-
buffer system, distorting the peak amplitude and dy-
injected cells was 388  39 ms, as opposed to 430 
namics of the [Ca2]i (Neher and Augustine, 1992; Tank31 ms for whole-cell-recorded neurons (p	 0.54, t test).
et al., 1995). Our mathematical model enabled us toFor spine decays, average fast  for bolus-injected cells
extrapolate our measured [Ca2]i kinetics to the naturalwas 195 28 ms, as opposed to 203 14 ms for whole-
scenario without exogenous calcium buffering in thecell-recorded neurons (p 	 0.8, t test). Also, proximal
different populations of spines studied. This exercise(120 m from soma) spines from bolus-filled cells had
becomes necessary given the complexity of the interac-significantly slower initial  than distal (	180m) spines
tions between all the factors that contribute to regulatefrom bolus-filled cells (257 104 ms for proximal versus
spine calcium dynamics and also particularly because of199  36 ms for distal; p  0.05, t test).
the dependence of the buffer capacity (which influencesThe potential washout of endogenous buffers also did
both calcium diffusion and extrusion) on the [Ca2]i.not affect the distribution of pumpers and diffusers. We
We modeled three spines in three dendrites whosefound both pumper and diffuser spines on bolus-filled
dimensions matched our average morphological mea-cells (Figures 5C–5E, open symbols), with most pumpers
surements and compared our data using bolus injection(7/8) located in the distal apical dendrite, whereas all
(Figure 6E, left panels) with model predictions (Figurediffusers were proximal (3/3). There was no significant
6E, right panels). We found in the model 2-fold fasterdifference in ratio of [Ca2]i amplitude at the breakpoint
[Ca2]i decay kinetics in spines and a 5-fold increase inamong bolus-injected and whole-cell-recorded neurons
dendrites compared with our experimental data, al-(for spines with ratios1, p	 0.58, for spines with ratios
though other features of the calcium dynamics were	1; p 	 0.24, t test).
similar. Specifically, the time constant of the single ex-We concluded that the potential washout of endoge-
ponential decay  in basal dendrites decreased fromnous buffer or exogenous buffer gradients did not quan-
234 ms with exogenous calcium buffer to 64 ms withouttitatively change the properties of calcium decay kinet-
buffer. In proximal apical dendrites, it decreased fromics in spines.
605 ms with exogenous calcium buffer to 161 ms without
buffer and in distal apical dendrites from 424 ms to 109Mathematical Model of Spine and Dendrite
ms, respectively. Spines on basal dendrite also showedCalcium Dynamics
a single exponential calcium decay with a  of 71 msOur results therefore indicate that three factors control
calcium decay kinetics in spines: the diameter of the compared with 229 ms with exogenous calcium buffer.
Spine Position and Calcium Dynamics
431
On the other hand, the spines on the proximal and distal
apical dendrites showed double exponential decays
with fast time constants of 44 and 21 ms and slow time
constants of 134 and 104 ms, respectively, compared
with 81 and 54 ms and 630 and 427 ms with exogenous
calcium buffer. Finally, we noticed that the difference
between pumpers and diffusers became larger in the
absence of exogenous buffer (Figure 6E). For example,
the ratio of [Ca2]i breakpoint amplitudes of spine and
dendrite in distal spines decreased from 0.91 to 0.82
and increased for proximal spines from 1.0 to 1.1 in the
absence of exogenous buffer. This can be explained
by the larger dependence of the extrusional pathways,
rather than diffusional pathways, on the buffer capacity
(see Experimental Procedures).
We conclude from these calculations that the differ-
ences in spine decay kinetics with respect to the posi-
tion of the spine along the dendritic tree that we have
encountered are larger in the absence of any calcium
indicator. Therefore, the physiological role of these dif-
ferences would also likely to be more dramatic.
Induction of Synaptic Depression Depends
on Location of Stimulation
and Calcium Dynamics
After establishing that there are systematic differences
in spine calcium kinetics depending on the position of
the spine along the dendritic tree, we wondered whether
these differences could have consequences for their
responsiveness to synaptic plasticity. Proximal spines,
which have a longer calcium decay , experience ele-
vated calcium levels over a longer period of time and
therefore could be more susceptible to synaptic plastic-
ity protocols. To test this, we examined the effect of a
stimulating protocol in different regions of the apical
dendritic tree and sought to correlate differences in
spine calcium kinetics with potential differences in syn-
aptic plasticity.
We applied a conditioning protocol consisting of sub-
threshold synaptic stimulation at 20 Hz for 1 min, paired
with backpropagating action potentials fired 15 ms be-
fore each EPSP, to induce changes in synaptic strength
between spine fast  and length of the neck. Unless otherwise noted,
the following morphological parameters were used: spine neck di-
ameter 0.2 m; spine head diameter 0.5 m; and dendrite diameter
1.8 m.
Figure 6. Compartmental Model of [Ca2]i Kinetics and Extrapola- (E) Comparison between data (left, bolus loaded) and model (right)
tion to Physiological Conditions with No Exogenous Buffer of calcium kinetics in spines and their parent dendrites for different
(A) Drawing of the model. Model includes calcium influx (green) dendrite locations. Red and black traces reflect calcium kinetics in
via voltage-sensitive calcium channels, calcium extrusion (blue) via spines and parent dendrites, respectively. Traces on the left side
pumps, and buffered calcium diffusion (red) between spine head show examples of measured calcium kinetics in spines located in
and parent dendrite via the neck. the distal apical, proximal apical, and basal dendrite (bolus loaded).
(B) Dependence of spine fast  on dendritic diameter. Insets show Traces on the right hand side show extrapolations under no exoge-
examples of simulated calcium kinetics for two data points labeled nous calcium buffer using our mathematical model. Note the differ-
with letters. The smaller dendrite produces a reduction in the spine ent time scales of measured and simulated data. Under physiologi-
fast . cal conditions, calcium kinetics speed up by a factor of two to five
(C) Dependence of spine fast  on spine extrusion. Insets show without otherwise any significant qualitative changes. Values used
examples of the simulated calcium kinetics for three data labeled in model: spine head diameter, 0.5 m; and spine neck diameter,
with letters. Note how increase extrusion produces faster decay 0.2m; all model parameters are located in Table 1 unless otherwise
kinetics and increases the undershoot. noted. Proximal apical: dendrite diameter, 1.8m; spine neck length,
(D) Dependence of spine fast  on spine neck length either in the 0.8 m. Distal: dendrite diameter, 1.2 m; spine neck length, 0.8
absence (black) or presence (white) of spine calcium pumps. Note m; spine pump rate, 0.225 l/m2ms. Basal: dendrite diameter,
how the presence of the spine pump reduces the linear dependence 0.35 m; spine neck length, 0.4 m.
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Table 1. Constants Used in the Mathematical Model
D calcium (free) 0.223 m2/ms (Allbritton et al., 1992)
D endogenous buffer 0.02 m2/ms (Murthy et al., 2000)
D Calcium Green-1 0.015 m2/ms (A.M. and R.Y., unpublished data)
Kd of endogenous buffer 5 M (Neher and Augustine, 1992)
Kd of Calcium Green-1 189 nM
Calcium Green-1 concentration 200 M
End buffer concentration 620 M
Mean channel open time 1 ms
Channel conductance 8 pS
Channel density (membrane) 1 per m2
Spine extrusion rate coefficient 0.075 l/(m2 ms)
Dendrite extrusion rate coefficient 0.3 l/(m2 ms)
at different parts of the apical dendrite. This protocol (Yuste et al., 1999). Building on our previous work in
CA1 neurons (Majewska et al., 2000a), we used back-produced reliable long-term depression (Figure 7A).
Firstly, we positioned the extracellular stimulation elec- propagating APs to systematically investigate the regu-
lation of the spine decay kinetics across the dendritictrode between 50 and 120 m away from the soma near
the proximal apical dendrite. After 10 min of stable EPSP tree of layer 5 neocortical neurons. Like in CA1 neurons,
we encountered double-exponential kinetics in manyresponses, we applied the conditioning protocol and
obtained a significant depression in synaptic transmis- spines, although we also found a population of spines,
mostly in thin dendrites where, within our time resolu-sion to 78%  10% of the control level (Figure 7A; n 
4 p  0.01). In contrast, if we stimulated the cells tion, spine decay kinetics can be well fitted by single
exponentials. Also, similarly to CA1 cells, we encoun-distally by positioning the stimulating electrode near the
apical dendrite 180–250 m away from the soma, no tered evidence for pumpers and diffusers.
In this study, we focused on the question of whethersignificant change in synaptic transmission could be
detected after the conditioning stimuli (Figure 7B; the position of the spine within the dendritic tree influ-
ences its calcium dynamics and found that this is indeed99%  12% of control; n  5, p 	 0.20). These results
show a correlation between proximal or distal stimulus the case: spines have single or double exponential kinet-
ics depending on the diameter of their parent dendrites.position (which correlates with slower or faster spine
calcium decay kinetics) and synaptic depression. Also, while spines in basal and distal apical dendrites
have overall short-lasting [Ca2]i transients, those inTo examine whether there was a causal relation be-
tween calcium decay kinetics among proximal and distal proximal apical dendrites have overall long-lasting ac-
cumulations. Although the mechanisms that make thisspines and their different responsiveness to the condi-
tioning stimulus, we slowed calcium decay kinetics in happen are complicated, they can be understood to
the point of being replicated in a realistic mathematicalspines and dendrites by applying 15 M cyclopiazonic
acid (CPA), a SERCA pump inhibitor. In measurements model (Figure 6). Three variables regulate spine calcium
decay kinetics. First, dendritic diameter controls den-taken on apical dendrites, CPA significantly increased
dendritic  to 305%  75% (n  4, p  0.05, paired t dritic calcium dynamics (Figure 2), which in turn influ-
ence spine calcium dynamics (Figures 3 and 4) via diffu-test) of control level (Figure 7D). CPA also increased
both slow and fast spine s (fast , 131%  25%, p  sional equilibration (Figure 4). Second, the length of the
spine neck regulates the time constant of this equilibra-0.17; slow , 273%  90%, p  0.028 of control level,
n  4) in apical spines. Thus CPA increased the integral tion (Figure 5E). Finally, spine calcium pumps, which
appear to be differentially expressed in a baso-apicalof the spine calcium transients. Consistent with this,
applying the conditioning protocol to distal parts of the gradient (Figure 5C), also regulate the spine decay time
constant. Two of these mechanisms interact to produceapical dendrite under the presence of 15 M CPA led
to a significant depression of synaptic strength to 66% the positional effect: the dendritic diameter and spine
calcium pump strength change as a function of the posi-8% (n  4, p  0.01) of control level (Figure 7C). This
indicates that differences in calcium decay kinetics in tion in the dendritic tree. In addition, the spine neck
length might be regulated across the dendritic treedistal versus proximal spines likely caused differences
in the responsiveness to synaptic plasticity of different (Jones and Powell, 1969), although to our knowledge
this has not yet been investigated quantitatively.parts of the dendritic tree.
Discussion Influence of Exogenous or Endogenous Buffers
We also report that these results are not altered by the
introduction of an exogenous buffer (CG). In numericalSpatial Regulation of Spine Calcium
Compartmentalization in Pyramidal Neurons simulations where we extrapolated using a mathemati-
cal model to the physiological condition of no exoge-We undertook this study to understand the functional
heterogeneity of spines present in pyramidal neurons. nous buffer, the differences in calcium decay kinetics
between spines located on proximal or distal apical den-Spines differ in morphologies, receptor composition,
and calcium influx and efflux pathways, and this hetero- drites become even larger (Figure 6E). Also, our results
are not qualitatively or quantitatively altered by the po-geneity is probably quite important to their function
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and may indirectly produce our results (see Experimen-
tal Procedures). Therefore, we propose that the differ-
ences in calcium kinetics among spines that we docu-
ment are likely to be more pronounced in more
physiological situations.
Morphological Constraints on Spine Function
Our results provide further evidence of the close rela-
tionship between form and function in pyramidal neu-
rons. Due to the interaction of calcium influx, diffusion,
and removal mechanisms, the morphology of the spine
and dendrite determine to a great extent the function
of the spine as a calcium compartment. In addition to
the known effect of spine neck length in regulating the
time constant of calcium compartmentalization in spines
(Majewska et al., 2000a, 2000b), in this study we show
that the dendritic diameter also regulates spine calcium
kinetics. While this might have been predicted from sur-
face-to-volume considerations, this effect is nonethe-
less important and is likely to have a major influence on
spine function. In addition, the distance of a spine to
the soma and whether the spine is on an apical or basal
dendrite also influences this calcium kinetics. The dis-
tance of the spine to the soma is probably of major
importance since it directly determines the millisecond
delay in backpropagating AP arrival, which is key to
determining the sign and amplitude of synaptic plasticity
(“millisecond divide”) (Markram et al., 1997). Finally, al-
though we have not found a clear relationship between
spine head size and [Ca2]i transients, separate work
has shown that the spine volume is correlated to the
number of presynaptic docked vesicles (Schikorski and
Stevens, 1999) and therefore, EPSP size. Therefore,
Figure 7. Correlation between Induction of Synaptic Plasticity and practically every morphological parameter explored has
the Location of Stimulation and Calcium Dynamics
a direct functional significance on the function of the
Conditioning stimuli consisted of a train of synaptic stimulations at spine. These results provide additional arguments to-
20 Hz for 1 min paired with backpropagating action potential fired
ward understanding the processes controlling the devel-15 ms before each EPSP. Times of conditioning stimuli are indicated
opment and maintenance of dendritic trees and spines,by three arrows. Insets show example traces of EPSPs induced
before (black) and after (red) conditioning stimuli. Calibration bars as well as those regulating the recently described rapid
reflect 2 mV and 20 ms respectively. spine motility (Dunaevsky et al., 1999; Fischer et al.,
(A) Conditioning protocol applied at proximal parts of apical dendrite 1998; Lendvai et al., 2000).
(50–120 M distance from the soma) induced reliably long lasting
synaptic depression. Average of four experiments.
Implications for Synaptic Function and Plasticity(B) The same protocol used under (A) applied at distal parts of
Are these differences found in spine calcium dynamicsapical dendrite (180m–300m distance from the soma) induced no
significant change in synaptic strength. Average of five experiments. important functionally? If we assume that the integrated
(C) Significant synaptic depression is now induced at distal parts [Ca2]i experienced by a spine is directly related to the
of apical dendrite if 15 M CPA was applied during experiment. expression of synaptic plasticity (Lisman, 1985) and high
Average of four experiments.
[Ca2]i produces long-term potentiation whereas lower(D) [Ca2]i kinetics in a spine (red) and adjacent dendrite (black)
accumulations produce long-term depression (Lismanunder control conditions (D1) and the same spine after perfusion
and Goldring, 1988; Yang et al., 1999), then the differ-with 15 M CPA (D2). Thick lines reflect single exponential or double
exponential fits of the data. Note that under CPA, calcium decay ence in calcium dynamics that we encounter would pro-
kinetics in spine and dendrite slowed down and undershoot of spine duce different responsiveness for these processes in
below dendritic level is smaller. different spines. The prediction would be that, while
spines in proximal apical dendrites could have a relativly
long window of calcium-dependent plasticity, spines intential washout of endogenous buffers, because in simi-
lar experiments using short CG injections, which should basal dendrites or distal apical dendrites, because of
their overall faster decay kinetics and undershoot,not washout the endogenous buffers, double-exponen-
tial kinetics and undershoots were found, and decay should be more narrowly tuned. And indeed, we find that
proximal spines, which on average experience slowerkinetics are statistically indistinguishable from those
measured after whole-cell recordings (Figure 5). Finally, calcium decay kinetics, were more susceptible to long-
term depression in comparison to distal spines, which,although our measurements are single wavelength, we
can analytically rule out that systematic errors in the due to their higher pump activity, can clear intracellular
calcium faster (Figure 7). We suspect that the relation-estimation of the resting [Ca2]i produce the undershoot
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Analysisship between spine calcium kinetics and synaptic plas-
Fluorescence intensities were acquired with Fluoview softwareticity is indeed causal because slowing calcium decay
(Olympus, Melville, NY). Time courses of fluorescence signals werekinetics in distal spines makes them susceptible to the
analyzed using Igor (Wavemetrics, Lake Oswego, OR). Signals were
synaptic depression paradigm used (Figure 7C). A num- corrected for background fluorescence by measuring a nonfluores-
ber of synaptic plasticity paradigms now need to be cent area close to the spine head. The relative change of fluores-
cence of the base level, known as F/F, was calculated and usedtested in different parts of the dendritic tree in order
as indicative for the change in [Ca2]i. Decay kinetics of dendritesto explore in depth the relationship between the exact
and spines were fitted using the exponential fitting algorithms inposition of the spine in the dendrite, its calcium dynam-
Igor. Dendrite decay kinetics could be fitted best with a single expo-ics, and the temporal window of learning rules it medi-
nential decay. In contrast, spine decay kinetics often showed a
ates. At the same time, our results show that such a double exponential decay, characterized by a first fast decay fol-
relationship can exist and appears causal. It seems to lowed by a slower late decay. The time point where the transition
between the different decay kinetics occurred was defined as theus that the regulation of calcium compartmentalization
“breakpoint” (Majewska et al., 2000a). To analyze the s of the cal-in pyramidal neurons is precise because spines have
cium decay in spines, we first determined the dendritic  and thendifferent calcium kinetics and learning rules depending
fitted the spine decay with double-exponential kinetics constrainingon where they are located on the dendritic tree.
the second  to match the dendritic . This was possible because
when we first independently determined the breakpoint (see Experi-
Experimental Procedures mental Procedures), the slow spine matched the dendritic  (Figure
4B). Peak amplitude of stimulus-induced [Ca2]i changes and time
Slice Preparation constant of decay kinetics were obtained from the exponential fits.
All animal handling and experimentation was done according to NIH If not otherwise indicated, fluorescence traces are averages of ten
guidelines. Coronal slices of visual cortex were made from P14-17 consecutive stimulations. Data were given as mean  SEM.
C57BL/6 mice (Taconic). Animals were anaesthetized with Keta-
mine/Xylazine (120 mg/kg and 10 mg/kg). Brains were rapidly re- Image Deconvolution
moved and transferred into ice-cold cutting solution containing 126 For morphometrical analysis of spines (Figure 1), we used numerical
mM NaCl, 3 mM KCl, 1.1 mM NaH3PO4, 26 mM NaHCO3, 1 mM CaCl2, deconvolution of the 3D dataset applying the expectation-maximi-
and 3 mM Mg2SO4, bubbled with 95% O2/5% CO2, pH 7.4. Brains zation algorithm for maximum-likelihood deconvolution imple-
were cooled down for at least 2 min and then cut in 300 m thick mented in XCOSM (Conchello, 1998). To collect the experimental
slices with a Vibroslicer (Campden Instruments, Shelby, UK). After PSF, we used 0.1 m diameter TetraSpect Fluorescent Micro-
slicing, slices were transferred to an incubation chamber with a spheres (Molecular Probes) immobilized in 0.5% agarose. Slices
heated solution (35
C), which cooled down over the next 1/2 hr to were taken at 0.1m intervals along the optical axis, and a total of
room temperature. Slices were then transferred to the experimental 64 slices were collected.
chamber 1–8 hr after cutting. Artificial cerebral spinal fluid (ACSF)
during the experiments contained 126 mM NaCl, 3 mM KCl, 1.1 mM
Mathematical SimulationNaH3PO4, 26 mM NaHCO3, 3 mM CaCl2, and 1 mM Mg2SO4, bubbled
Calcium Bufferswith 95% O2/5% CO2, pH 7.4.
The reaction between the buffer and the free calcium can be defined
Electrophysiology
BCa
Kd ➤ Ca2  B, (1)All experiments were performed at 37
C. Pyramidal neurons in layer
5 were selected under DIC and patched in whole-cell mode. Cells
where BCa is the buffer-bound calcium, Ca2 is the free calcium, Bwere held in current- or voltage-clamp mode using a patch-clamp
is the free buffer, and Kd is the rate constant for this dissociationamplifier (BVC-700, Dagan Corp., Minneapolis, MN). Single APs were
reaction. Kd can be expressed astriggered by short (10 ms) depolarizing current or voltage pulses.
In some cases, two subsequent action potentials were elicited 100
ms apart. These data were merged because no principal differences Kd 
[B][Ca2]
[BCa]

([BT]  [BCa])[Ca2]
[BCa]
, (2)
between these groups could be detected. Action potentials induced
reliably an increase in intracellular Ca2 concentration in the den-
where BT is the initial buffer concentration. Notice that the term [B]dritic tree in the whole field of view (300 m diameter around the
has been replaced with the equivalent quantity [BT]  [BCa] forcell soma).
simplification. A differential buffer capacity B can be defined at a
specific point in time as the number of calcium ions bound to the
Two-Photon Imaging buffer divided by the number of free calcium ions (Neher and Au-
Cells were filled via patch pipette with the calcium indicator Calcium gustine, 1992). This can be expressed as the rate in change of buffer-
Green-1 (Molecular Probes, Eugene, OR). Pipette solution contained bound calcium concentration with respect to the free calcium:
130mM KMethylSO4, 5 mM KCl, 5 mM NaCl, 10 mM HEPES, 2.5 mM
Mg-ATP, 0.3 mM GTP, and 200 M Calcium Green-1, titrated to pH
B 
[BCa]
[Ca2]
. (3)7.3. Following break in, we waited for at least 30 min for the diffu-
sional equilibration of the Ca2 indicator. Imaging was carried out
with a custom-made two-photon laser scanning microscope (Ma- In order to solve for B in terms of more useful variables, we must
jewska et al., 2000c) consisting of a modified Fluoview (Olympus, first solve for [BCa]. We can rewrite Equation 2
Melville, NY) confocal microscope with a Ti:sapphire laser providing
130 fs pulses at 75 MHz (Mira, Coherent, Santa Clara, CA), pumped
[BCa] 
[Ca2][BT]
Kd(1  [Ca2])
. (4)by a solid-state source (Verdi, Coherent). Fluorescence emission
was filtered with an interference filter (570  75 nm, Chroma, VT)
or with colored glass (BG 39, Schott, Germany) and measured with Taking the derivative of Equation 4 with respect to the free calcium
an external PMT (HC 125-02, Hamamatsu, Japan) in whole-area concentration,
detection mode or with an internal PMT (Olympus, Japan), respec-
tively. Stimulus-induced changes in fluorescence were recorded
using the line-scan mode of the microscope with a time resolution
B 
[BCa]
[Ca2]

 [Ca
2][BT]
Kd[1  [Ca2])

[Ca2]
(5)
of 12 ms. The scanned line always covered the head of a spine of
interest, the adjacent parent dendrite, and adjacent nonfluorescent
regions for determining background fluorescence. and rearrange as
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spine compartments is achieved almost immediately. The initial con-
centration influx, thus, was modeled as instantaneous; the differen-

[BT](1  [Ca
2])
Kd
  [Ca
2][BT]
Kd

(1  [Ca2])2 tial calcium concentration due to influx only can be described by
the Dirac delta function (Helmchen et al., 1996)

[BT](1  [Ca2]  [Ca2])
Kd(1  [Ca2])2 [Ca
2]
t
(1  S  B)  [Ca2]0 · (t  t0), (13)
B 
Kd · [B T]
(Kd  [Ca2])2
.
where [Ca2]0 is the peak amplitude of calcium concentration after
the influx, and t0 is the time of the stimulation. The buffer constantFor calcium concentration levels near the Kd, however, the equation is included in order to apply the effect of buffering.
changes to The initial amplitude can be rewritten
B 
Kd · [BT]
(Kd  [Ca2]f)(Kd  [Ca2]0)
, (6)
[Ca2]Td 
QCa
2 · F
·
1
V
, (14)
(Neher and Augustine, 1992), where [Ca]f is the current free calcium where F is Faraday’s constant, V is the volume of the compartment,
concentration, and [Ca]0 is the resting calcium concentration level. and QCa is the calcium charge injected (Helmchen et al., 1996). TheBy this equation, the differential buffer capacity constant B can be initial injected calcium charge QCa was calculated based on thedefined at a specific point in time as the number of calcium ions
dimensions of the compartment considered; for the dendrite, a cylin-
bound to the buffer divided by the number of free calcium ions. Two
der was used as an approximate shape and for the spine, a sphere.
constants, S and B, can be defined to represent the buffering Voltage-gated calcium channels are known to exist on the mem-
capacities of the exogenous and endogenous buffers, respectively.
brane of dendrites (Yuste et al., 1994) and spines and allow calcium
A buffering constant can be written and multiplied with the [Ca2]
passage during the repolarizing phase of an action potential for less
differential in order to include the effect of buffering on calcium
than a millisecond (Helmchen et al., 1997). For the model, these
dynamics:
channels are evenly distributed along the surface of the dendrite.
We assume the only channels activated on the membrane are the
unbuffered dynamics ➤ [Ca
2]
t high-voltage-activating (HVA) calcium channels with L-type currents
based on the range of voltage stimulation in experiments and the
observed rapid deactivation rate of the channels (Hille, 1992). Thesebuffered dynamics ➤ [Ca
2]
t
· (1  S  B). (7)
channels have a single-channel conductance gc of approximately 8
pS. The current through a single channel can thus be described
Diffusion Model
Diffusion was modeled with Fick’s equation, assuming the flux ICa  E · gC, (15)
J  D · C, (8) where E is the voltage maximum of the propagating action potential
and ICa is the resulting current (C/s). Assuming a constant channelwhere D is the diffusional coefficient for calcium,  is the gradient
density over the membrane, we then can solve for the total injectedfunction, and C is concentration. In terms of from one compartment
charge:to another, we can rewrite this equation
QCa  ICa ·  · S · tV, (16)
J  D ·
(Ci  Ci1)
d
, (9)
where  is the channel surface density, S is the surface area of
the compartment, and tv is the time in seconds the voltage-gatedwhere Ci and Ci1 are the [Ca2] of two different compartments and
channels are open.d is the distance between them. The calcium current is then
Dendrite Extrusion
Extrusion mechanisms are known to exist (Markram et al., 1995),I  J · SA, (10)
returning concentration levels back to the equilibrium state. After
where SA is the surface area through which diffusion occurs. In order an initial influx, the intradendritic calcium dynamics can be de-
to account for concentration changes, we need to divide this by the scribed with a differential equation (Majewska et al., 2000)
volume of the compartment itself. Accounting also for buffering, we
write the equation [Ca2]
t
(1  S  B)  [Ca2]0 · (t  t0)
[Ca2]
t
(1  S  B) 
D · (Ci  Ci1) · SA
d · V
. (11)
 d([Ca2]d  [Ca2]0), (17)
where d is the dendritic extrusion rate, [Ca2]d is the current freeTo capture the effects of buffer mobility on calcium diffusion, we
calcium concentration, and [Ca2]0 is the equilibrium-free calciumsubstituted D for the effective diffusion coefficient Deff, using
concentration. Since d scales linearly to the surface-to-volume(Wagner and Keizer, 1994)
ratio,
Deff 
DCa  mDm
(1  m  f)
, (12)
d 
d · Sd
Vd
, (18)
where Dm is the diffusion coefficient of the mobile buffer, and f and
m represent the buffer capacities of the fixed and mobile buffers, where d is the dendritic pump rate (measured in ml/m2ms), Sd is
the surface area of the dendrite in m2, and Vd is the volume of therespectively. For CG, we used our measurements of a Dm of 0.015
m2/ms (A.M. and R.Y., unpublished data). For the endogenous dendrite in ml. Since experimental calcium levels are on the same
order as the Kd of the dye, buffering capacities vary significantlybuffer, we used the value of 0.021 m2/ms (Murthy et al., 2000). For
the model with CG present, the endogenous buffer was eliminated, with calcium concentration; the buffer variable cannot be approxi-
mated as constant.because CG dominates the system and because of the potential
washout of the endogenous buffer in the long (	30 min) whole-cell Spine Extrusion
The extrusion mechanisms on the spine are modeled as in the den-recordings.
Calcium Influx drite, but with the dimensions of a sphere. An added component of
diffusion through the spine neck, however, was taken into accountThe initial calcium influx caused by a propagating action potential
occurs over a very small time scale compared with the time scales due to the spine’s relatively small volume compared to the dendrite.
The diffusion through the neck was modeled in the same way asof the consequent calcium decay. Because of the short diffusional
equilibration times, homogeneous [Ca2]i inside the dendrite and that in the diffusional model using Fick’s equation
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